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Abstract 

Background: Whey protein isolates (WPI) supplementation is known to improve resistance training adaptations. 
However, limited information is available on the effects of WPI plus carbohydrate (CHO) supplementation on 
endurance training adaptations. 

Method: Six endurance trained male cyclists and triathletes (age 29 + 4 years, weight 74 ± 2 kg, V0 2 max 63 ± 3 ml 
oxygen' kg" 1, Min -1 , height 183 ±5 cm; meaniSEM) were randomly assigned to one of two dietary interventions in 
a single blind cross over design; CHO or CHO + WPI. Each dietary intervention was followed for 16 days which 
included the last 2 days having increased CHO content, representing a CHO loading phase. The dietary 
interventions were iso-caloric and carbohydrate content matched. On completion of the dietary intervention, 
participants performed an exercise bout, consisting of cycling for 60 min at 70% V0 2 max , followed by time trial to 
exhaustion at 90% V0 2 max and recovered in the laboratory for 6 hours. Blood samples and muscle biopsies were 
taken at various time points at rest and through the exercise trial and recovery. 

Results: Compared to CHO, CHO + WPI increased plasma insulin during recovery at 180 mins (P < 0.05) and 
peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC-lct) mRNA expression at the end of 
6 hours of recovery (P < 0.05). Muscle glycogen did not differ between the two trials. 

Conclusion: This study showed co-ingestion of CHO + WPI may have beneficial effects on recovery and 
adaptations to endurance exercise via, increased insulin response and up regulation of PGC-lct mRNA expression. 

Keywords: Muscle protein synthesis, Protein supplementation, Endurance exercise adaptations, Mitochondrial 
biogenesis 



Background training sessions is fundamental, as the muscle damage 
Optimal nutrition is not only required for normal caused during exercise partly due to muscle contraction 
physiological functioning, but the nutritional status of and hormonal changes that result in the breakdown of 
an endurance athlete can negatively or positively impact muscle protein, continues once exercise is ceased [3]. 
their sporting performance [1]. Nutritional require- This damage can impair subsequent muscle function, 
ments of endurance athletes include higher energy delivery of nutrients, glycogen resynthesis rates and 
needs to fuel exercise and replace glycogen stores and impair protein synthesis pathways [3]. 
increased protein intake to support muscle protein Repeated bouts of endurance exercise result in struc- 
turnover. During endurance exercise major disturbances tural, metabolic and physiological adaptations that en- 
to cellular homeostasis, substrate stores and utilization able improved performance [4]. Long term adaptations 
occur in the muscle [2]. Recovery from endurance are a cumulative result of successive training sessions 
and the post exercise period is critical in allowing these 
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Recovery from endurance exercise requires muscle 
glycogen stores to be replenished and damaged muscle 
to be repaired [5]. 

Nutrition is a key component supporting heavy training 
and competition [6]. The primary fuel source during 
endurance events is muscle glycogen [7,8]. It is well 
documented that depletion of intramuscular glycogen 
stores can limit performance during prolonged exercise 
[9]. Maximising pre-exercise glycogen levels through 
carbohydrate loading has become well practiced by ath- 
letes, in addition to refuelling immediately post exercise 
to optimise muscle glycogen restoration [10]. However, 
carbohydrates alone are not enough to stimulate signifi- 
cant protein synthesis and the adaptive response to 
endurance exercise [11]. 

Protein is an extremely important substrate, due to 
the influence it exerts over the regulation rates of 
muscle protein synthesis (MPS) and the subsequent 
effects on the phenotype of skeletal muscle [12]. Muscle 
adaptations depend on the availability of sufficient 
protein [2] . The type of protein consumed can affect the 
recovery process due to differences in the digestion rate 
of the protein and concentration of proteins [11]. Micellar 
casein proteins are released from the stomach slower than 
whey protein isolates. Therefore, whey produces a faster, 
transient increase in plasma amino acid concentration 
and potentially an improved availability of amino acids 
[13]. Whey protein isolates, compared with other protein 
sources, are more effective at promoting protein synthesis 
following resistance exercise due to the high concentration 
of essential and branched chain amino acids [14]. 

The mode of exercise influences the subsequent 
muscle adaptations, with endurance exercise primarily 
resulting in increased muscle oxidative capacity and 
resistance exercise predominantly resulting in muscle 
hypertrophy [15]. Endurance training improves skeletal 
muscle adaptations by increases in activators of mitochon- 
drial biogenesis such as peroxisome proliferator-activated 
receptor gamma coactivator-1 alpha (PGC-la) [16,17]. 

The regulation of protein synthesis involves several 
signalling pathways. These are influenced by amino acids, 
insulin and mechanical stimulation [18]. A large body of 
research exists which demonstrates the benefits of protein 
supplementation with resistance exercise [14,19,20]. How- 
ever, limited research exists on the benefits of protein 
supplementation for athletes undertaking endurance 
training. In particular, the effects of co-ingestion of 
whey protein isolates and carbohydrate on endurance 
exercise recovery and PGC-la pathway. 

The present study investigates 2 weeks of co-ingestion 
of whey protein isolates plus ample carbohydrate (CHO + 
WPI) on endurance performance and recovery, compared 
to an isocaloric, carbohydrate content matched group 
(CHO). We hypothesized that CHO + WPI will improve 



performance and recovery by increasing muscle glycogen 
levels and facilitating adaptive response, compared to 
CHO alone. 

Methods 

Subjects 

Six healthy endurance trained cyclists and triathletes 
volunteered to complete the study (age 29 ± 4 years, 
weight 74 ±2 kg, V0 2max 63 ± 3 ml oxygen' kg" 1 ' min, 
height 183 ±5 cm; mean±SEM). This study was 
approved by Victoria University Human Research Ethics 
Committee. The purpose and potential risks of the 
experiment were explained to participants prior to them 
providing written informed consent. Participants completed 
a standard medical questionnaire prior to commencing 
trials. Involvement in this study required attainment 
of a maximal oxygen consumption of at least 60 ml 
oxygen kg" min" and not having consumed whey protein 
supplements in the 12 weeks prior to the study. 

Preliminary measurements 

Participants reported to the laboratory for a V0 2ma x 
cycling test on a cycle ergometer. The exercise test 
consisted of 3 min at 3 sub-maximal workloads fol- 
lowed by subsequent increments of 25 watts (W) every 
min until fatigue. During the test, subjects' heart rate 
(HR) was monitored and respiratory gases collected 
continuously for gas analysis. Respiratory gas measure- 
ments were measured using open circuit spirometry 
indirect calorimetry using a metabolic cart. 

Data obtained from participants V0 2max wa s used to 
calculate their worldoads (70% and 90% V0 2max ) for the 
exercise trial. A standard curve was constructed from the 3 
sub-maximal workloads and V0 2 . The predicted V0 2max 
was then used to calculate the percentage workloads (W) 
according to the linear equation generated by the standard 
curve. 

On completion of testing, participants were introduced 
to the dietary regimes and trial procedures used during 
the study. It was requested that participants maintain 
their training throughout the dietary interventions and 
washout period. 

Study design 

A randomised, single blind cross over design was used to 
test the effect of whey protein isolates supplementation on 
endurance performance and recovery. The dietary inter- 
ventions were randomly assigned and participants were 
blinded to the intervention, by matching CHO beverage 
and CHO + WPI beverage for taste, smell and appearance. 
Each dietary protocol was followed for a total of 16 d 
(14 d followed by 2 d CHO loading phase) with a 4 week 
wash out period to separate the dietary interventions. 
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Table 1 Carbohydrate (CHO), protein (PRO) and fat content of dietary interventions for carbohydrate (CHO) and 
carbohydrate and whey protein isolates (CHO + WPI) 







1 4 days 






2 day CHO loading 






CHO (g kg" 1 - bw/ 
day) 


PRO (g ■ kg" 1 bw/ 
day) 


Fat (g ' kg" 1 ' bw/ 
day) 


CHO (g ■ kg" 1 bw/ 
day) 


Pro (g ' kg" 1 ' bw/ 
day) 


Fat (g ■ kg" 1 bw/ 
day) 


CHO 


8 


1.2 


1.7 


10 


1.2 


1.7 


CH0 + 
WPI 


8 


2.4 


1.1 


10 


2.4 


1.1 



Dietary interventions were isocaloric and CHO con- 
tent matched (see Table 1 for nutritional value of diets). 
Diets were isocaloric through altering the amount of fat 
consumed, however the total fat content in the CHO 
group still contributed less than 30% of total energy. 
The extra 1.2 g ' kg' 1 ' bw/d of protein was supplemented 
with whey protein isolates (Table 2) and was provided in 
a readymade sports drink (Table 3; provided courtesy of 
MG Nutritionals, Australia). The CHO trial consumed 
the sports drink, minus the WPI. On training days parti- 
cipants were instructed to consume the drink during 
and after training sessions and on non-training days to 
consume any time throughout the day. 

Participants were provided with all their meals and 
snacks throughout the duration of the dietary interventions 
to ensure consistency in energy and macronutrient levels 
and to assist with compliance. Additionally, participants 
were provided with check-off sheets to facilitate document- 
ing food intake. 

Table 2 Amino acid profile of whey protein isolate 
supplement used in the sports beverages 



Component % w/w 



Alanine 


5.2 


Arginine 


2.7 


Aspartic acid 


10.6 


Cystine 


1.9 


Glutamic acid 


17.5 


Glycine 


1.3 


*Histidine 


1.6 


* Isoleucine 


6.1 


* Leucine 


15.3 


* Lysine 


10.4 


* Methionine 


2.6 


* Phenylalanine 


3.4 


Proline 


4.4 


Serine 


3.2 


* Threonine 


4.4 


* Tryptophan 


2.3 


Tyrosine 


4.1 


* Valine 


5.2 



* indicates essential amino acid. 



Experimental trials 

After completing the 16 d dietary intervention (CHO or 
CHO + WPI), participants reported to the laboratory 
after an overnight fast. The exercise trial was completed 
on a cycle ergometer which consisted of cycling for 
60 min at 70% V0 2max followed by 2 min break, then 
cycling to fatigue at 90% V0 2m ax- Following this, 
subjects recovered in the laboratory for 6 h. 

During the 6 h recovery period participants followed 
the dietary intervention they had been on prior to their 
exercise trial (CHO or CHO + WPI). If they were 
consuming the CHO diet, they consumed 4 g kg" 1 ' bw 
carbohydrate, 0.6 g kg" 1 ' bw fat and 0.4 g ' kg" 1 bw 
protein. Following the CHO + WPI diet participants 
consumed 4 g ' kg' 1 ' bw carbohydrate, 0.4 g ' kg" 1 ' bw fat 
and 1.1 g ' kg" 1 ' bw protein during the first 3 h of the 6 h 
recovery period. The protein source during recovery for 
the CHO + WPI group was predominantly whey protein 
isolate provided in the sports drinks (0.7 g ' kg' 1 ' bw). 
Recovery nutrition was carbohydrate matched and 
isocaloric by altering the fat content in the breakfast 
provided. 

Venous blood samples were taken from an antecubital 
vein at rest, every 20 min during cycling at 70% V0 2 max , 
and on completion of cycling at 90% VO2 max - Blood was 
taken every 10 min during the first hour and every hour 
after this for the remaining 6 h of recovery. Plasma 
was subsequently analysed for glucose and insulin 
concentration. 

Muscle biopsies were taken at rest, the end of 60 min 
cycling at 70% VO2 max during the 2 min break, on 
completion of cycling to fatigue at 90% VO2 ma x and the 
end of 6 h recovery. Muscle biopsies were obtained from 
the vastus lateralis. Leg selection was random and in the 
second trial the contra lateral leg was biopsied. The 
biopsy site was prepared under local anaesthesia (1% 
xylocaine) and an incision was made at the site in the 
skin (one incision per sample) prior to exercise. Muscle 
samples were taken using the Bergstrom [21] procedure 
as modified for suction [22]. Muscle samples were 
frozen in liquid nitrogen for subsequent analysis. 

One portion of frozen muscle was used to analyse 
muscle glycogen. Muscle samples were freeze dried 
and powdered and any obvious blood and connective 
tissue removed. The samples were weighed and tissue 
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Table 3 Nutritional information for the sports beverage 

Average quantity per 100 ml CHO WPI 



Energy 


119 kJ 


180 kJ 


Protein 


Og 


3.6 g 


Fat 


Og 


Og 


Carbohydrate 


7g 


7g 


Sodium 


30 mg 


30 mg 


Potassium 


40 mg 


40 mg 



extracted in acid and neutralized in preparation for 
determination of muscle glycogen. Muscle glycogen 
was measured using an enzymatic assay adapted for 
fluorometry [23]. 

Messenger RNA (mRNA) expression of glycogen syn- 
thase, PGC-loc and adenosine monophosphate-activated 
protein kinase-alpha 2 (AMPK-a2) was analyzed by 
'real-time' PCR. 'Real-time' PCR was conducted using 
MyiQ single colour 'real-time' PCR detection system 
(Bio-Rad Laboratories, Hercules, CA) with iQ™ SYBR 
Green Supermix (Bio-Rad Laboratories, Hercules, CA) 
as the fluorescent agent. Forward and reverse oligonucleo- 
tide primers for the genes of interest were designed using 
OligoPerfect Suite (Invitrogen, Melbourne, Australia) 
with sequences obtained from GenBank. Selective gene 
homology was confirmed with BLAST. To compensate 
for variations in RNA input amounts and to reverse tran- 
scriptase efficiency mRNA abundance of housekeeping 
genes, GAPDH and cyclophilin was quantified and the 
expression of the genes of interest was normalised to this 
(Forward and reverse oligonucleotide primers are shown 
in Table 4). 'Real-time' PCR reactions (total volume 20 ul) 
were primed with 2.5 ng of cDNA and were run for 40 or 
50 cycles of 95° C for 15 sec and 60° C for 60 sec. Relative 
changes in mRNA abundance was quantified using the 
2" T method as previously detailed [24] and reported 
in arbitrary units. 

Statistical analysis 

All data is expressed as means ± standard error of the 
mean (SEM). Two way repeated measures ANOVA 
(treatment x time) was used to compare means, using 
GraphPad Prism (version 5.01, GraphPad Software Inc., 
San Diego, CA, USA). Significance was set at P < 0.05. 



When significance was detected Bonferoni post hoc test 
was used to determine where significance occurred. 

Results 

Time to fatigue was not significantly different between 
CHO (11:14 ±1:05 min) and CHO + WPI (10:05 ± 
1:30 min). Plasma glucose concentration is presented in 
Figure 1. For both CHO and CHO + WPI groups, plasma 
glucose was significantly increased during cycling at 90% 
VO2 max and remained elevated compared to rest until 
40 min during recovery, with the CHO group remaining 
elevated until 60 min during recovery. No differences in 
plasma glucose were detected between the trials at any 
time point. Plasma insulin concentration (Figure 2) for 
the CHO trial increased compared to rest, from 40 min 
to 180 min during recovery (P < 0.05). The CHO + WPI 
trial increased compared to rest, from 30 min to 
180 min during recovery (P < 0.05). The CHO + WPI 
trial had significantly elevated insulin levels at 180 min 
during the recovery period (P < 0.05) compared to CHO 
trial. 

Muscle glycogen content (Figure 3) was similar for 
CHO and CHO + WPI trials at rest. Following exercise 
and 6 h recovery period both trials were lower than rest 
(P < 0.05). The CHO + WPI trial was significantly 
increased from the end of cycling at 90% VO2 max to the 
end of 6 h recovery, whereas the CHO trial did not 
show this increase. This occurred with no difference in 
mRNA expression of glycogen synthase between CHO 
and CHO + WPI trials (Figure 4). 

AMPK-a2 mRNA expression (Figure 5) was similar 
for CHO and CHO + WPI trials. Following cycling at 
90% V0 2 max an d end of 6 h recovery, the CHO trial 
was lower compared to rest (P < 0.05). PGC-loc mRNA 
expression (Figure 6) was significantly higher at the end 
of 6 h recovery compared to all other time points in the 
CHO + WPI trial (P < 0.05). Following 6 h recovery the 
CHO + WPI trial was significantly higher (P < 0.05) 
compared to the isocaloric carbohydrate matched CHO 
trial. 

Discussion 

Protein is considered a key nutritional component for 
athletic success, however there appears to be a lack of 



Table 4 Oligonucleotide primers for 'Real - Time' PCR primers 



Human genes 


Accession 
number 


Forward primer 


Reverse primer 


(5' - 3') 


(5' - 3') 


Cyclophilin 


NM_021 130.3 


CATCTGCACTGCCAAGACTGA 


TTCATGCCTTCTTTCACnTGC 


GAPDH 


NM_002046.3 


CAACGACCACnTGTCAAGC 


TTACTCCTTGGAGGCCATGT 


AMPK-o.2 


NM_006252.3 


AACTGCAGAGAGCCATTCAClTr 


GGTGAAACTGAAGACAATGTGCTT 


PGC-1a 


NM_0 1326 1.3 


CAAGCCAAACCAACAACTTTATCTCT 


CACACTTAAGGTGCGTTCAATAGTC 


Glycogen synthase 


NM_0021034 


GCTCCCTGTGGACTATGAGG 


ATrCCCATAACCGTGCACTC 



Hill et al. Journal of the International Society of Sports Nutrition 201 3, 10:8 
http://www.jissn.eom/content/10/1/8 



Page 5 of 8 



10 



£ 4- 



Plasma glucose 
# # # # # 



CHO 

CHO ♦ WPI 




ST 20 



40 



60 



10 



20 



30 



40 



60 



~ l3o l¥o 240 300 3S0~ 



cycling at 70% V0 2 n 
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Figure 1 Plasma glucose concentration for carbohydrate (CHO) and carbohydrate and whey protein isolates (CHO + WPI) trials. The 

exercise trial day consisted of 60 min cycling at 70% V0 2max , with blood samples taken at rest and every 20 min (rest, 20, 40, 60). This was 
followed by time to fatigue at 90% V0 2 ma>! and blood was taken on completion of this effort (0). The 6 h recovery consisted of blood taken 
regularly for the first h (10, 20, 30, 40, 60) and every 60 min after that (120, 180, 240, 300, 360). Both CHO and CHO + WPI trials were significantly 
increased on completion of cycling at 90% V0 2 max and remained elevated compared to rest until 40 min during recovery in the CHO + WPI trial 
(# P < 0.05). Whilst the CHO group remained elevated compared to rest until 60 min during recovery (* P < 0.05). Values are means ± SEM (n = 6). 



information regarding the effect of combined CHO and 
protein supplementation on exercise adaptations during 
recovery. This study compared 2 weeks co-ingestion of 
whey protein isolates supplementation combined with a 
high carbohydrate diet with an iso-caloric carbohydrate 
matched diet in endurance athletes. Protein supplemen- 
tation with adequate carbohydrate availability, included 
in a regular training program, did not influence intense 
aerobic cycling performance or pre- and post-exercise 
muscle glycogen levels. However, increases in plasma 
insulin and muscle PGC-loc mRNA expression with 
CHO + WPI supplementation compared to CHO alone 
indicates a potential for improved adaptations to train- 
ing following supplementation. 

Resting muscle glycogen levels were comparable with 
previously published carbohydrate loading protocols 



[25]. Supplementation with whey protein isolates does 
not further increase resting muscle glycogen levels when 
adequate CHO (8 g 1 kg' 1 bw/day) is consumed on a 
daily basis, followed by CHO loading prior to competi- 
tion. However, glycogen resynthesis at the end of 6 h 
recovery was enhanced for the CHO + WPI trial and not 
the CHO trial. Earlier studies have shown co-ingestion 
of whey proteins with carbohydrate consumed during 
exercise and recovery period to augment muscle glycogen 
synthesis during the recovery period [26-28]. These studies 
used suboptimal levels of carbohydrate (< 0.8 g ' kg' 1 ' bw/h) 
ingestion required for maximal glycogen synthesis rates 
during recovery, suggesting co-ingestion of CHO + WPI 
may only be beneficial for muscle glycogen resynthesis 
when insufficient CHO is consumed. However, the 
current study has also shown benefits of the addition of 




rIst 2G to i5 3 io" 35 4*o sS 120 75o 2J0 300 3%o 



I cyclingat70%VO : -m | |9Q% | | 6 h recovery j 

Figure 2 Plasma insulin concentration for carbohydrate (CHO) and carbohydrate and whey protein isolates (CHO + WPI) trials. The 

exercise trial day consisted of 60 min cycling at 70% V0 2max , with blood samples taken at rest and every 20 min (rest, 20, 40, 60). This was 
followed by time to fatigue at 90% V0 2 max and blood was taken on completion of this effort (0). The 6 h recovery consisted of blood taken 
regularly for the first h (10, 20, 30, 40, 60) and every 60 min after that (120, 180, 240, 300, 360). Both trials, CHO (* P < 0.05) and CHO + WPI 
(# P < 0.05), were significantly elevated compared to rest, with CHO + WPI significantly higher than CHO at 180 min ( A P < 0.05) during the 
recovery period, before returning to resting levels at 240 min. Values are means ± SEM (n = 6). 
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S E 
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Figure 3 Muscle glycogen concentration following the 16 day 
dietary intervention and exercise trial day, which consisted of a 
resting (rest) muscle biopsy, another following 60 min cycling 
at 70% V0 2 max (70%), time to fatigue at 90% V0 2 max (90%) 
and at the end of 6 h recovery (6 h recovery). Carbohydrate 
(CHO) and carbohydrate and whey protein isolates (CHO + WPI) trial 
were similar at rest. All time points following exercise were lower 
than rest in both trials (# P < 0.05). CHO + WPI trial was increased 
from 90% V0 2max to end of 6 h recovery (* P < 0.05). Values are 
means ± SEM (n = 6). 



whey protein isolates even when optimal CHO is 
ingested. 

Jentjens et al. [21] found co-ingestion of an amino acid 
mixture in combination with a large carbohydrate intake 
(1.2 g ' kg' ' bw/h) during recovery accentuates plasma 
insulin concentrations. The current study demonstrated 
increased insulin at 180 min of recovery following inges- 
tion of the CHO + WPI sports beverage and a sustained 
elevation of insulin levels over a longer time. Whey pro- 
tein isolates are insulinotrophic (the ability to stimulate 
the production of insulin) compared to caseins and other 
proteins of vegetable origin [29,30] . Whey protein isolates 
have been shown to induce an insulin response independ- 
ent of carbohydrate co-ingestion [31]. 

Previous studies have suggested increased insulin 
levels to be one of the main mechanisms to increase 
muscle glycogen levels, via stimulation of glucose trans- 
porters in the muscle to increase glucose uptake along 



Glycogen synthase mRNA expression 
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Figure 4 Glycogen synthase mRNA expression for the 
carbohydrate (CHO) and carbohydrate and whey protein 
isolates (CHO + WPI) trials. No differences were observed. Values 
are means ± SEM (n = 6). 
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Figure 5 AMPK-a2 mRNA expression for carbohydrate (CHO) 
and carbohydrate and whey protein isolates (CHO + WPI) trials. 

CHO group is significantly different from rest to 90% and rest to end 
recovery (* P < 0.05). Values are mean ± SEM (n =6). 



with the action of glycogen synthase [28,32]. Glycogen 
synthase mRNA expression was not increased in this 
study, indicative of a lack of stimulus for enhanced 
glycogen synthesis. However, the increased plasma insu- 
lin during recovery in the CHO + WPI trial may explain 
the enhanced recovery of muscle glycogen observed in 
the current study. The earlier reduction in plasma 
glucose concentration in the CHO + WPI trial (after 
40 min) compared to CHO alone (after 60 min) 
supports this observation. 

Insulin may also play a role in enhancing net protein 
balance by attenuating protein degradation [33]. Morrison 
et al. [34] examined the effect of endurance exercise and 
nutrition (CHO, protein and CHO + protein) on the signal 
transduction pathways involved in mRNA translation; 
the mammalian target of rapamycin (mTOR) and three 
of its dependent signalling proteins: ribosomal protein 
s6 kinase- 1 (p70 s6k ), ribosomal protein S6 (rps6) and 



PGC-1a mRNA expression 




CHO 

CHO + WPi 



70% 



90% 



6 h recovery 

Figure 6 PGC-1a mRNA expression for carbohydrate (CHO) and 
carbohydrate and whey protein isolate trials (CHO + WPI) 
following 16 day dietary intervention and exercise trial. Muscle 
biopsies were taken at rest, another following 60 min cycling at 70% 
V0 2max (70%), time to fatigue at 90% V0 2ma x (90%) and at the end 
of 6 h recovery (6 h recovery). CHO + WPI trial was significantly 
lower at rest, following cycling at 70% and 90% V0 2 max . compared 
to 6 h recovery (# P < 0.05). After 6 h of recovery the CHO + WPI 
trial was significantly increased compared to CHO trial ( A P < 0.05). 
Values are mean ± SEM (n = 6). 
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elongation initiation factor 4E binding protein-1 (4E-BP1). 
The CHO + protein group demonstrated increased plasma 
insulin and phosphorylated states of 4E-BP1 and rpS6 at 
30 min post exercise, compared to the CHO and protein 
alone groups. mTOR is also involved in the activation of 
mitochondrial biogenesis [35]. These observations are in 
agreement with the current study which demonstrated an 
increased insulin response in the CHO + WPI trial, which 
may have played a role in the increased PGC-loc mRNA 
expression observed. 

Mitochondrial biogenesis is a well-established adap- 
tation associated with endurance-type exercise [36], 
with PGC-la and AMPK important regulators of this 
process in skeletal muscle [36,37]. Changes in cellular 
energy status activate AMPK, which in turn phosphorylates 
PGC-la [36,38]. AMPK-a2 mRNA expression was 
decreased compared to rest in the CHO trial after cycling 
at 90% V0 2 max and 6 h recovery, although this was not 
different to the CHO + WPI trial. 

PGC-la binds and co-activates a number of tran- 
scription factors from both the nuclear and mitochon- 
drial genomes [36,39]. A single bout of physical activity 
has been shown to increase PGC-la mRNA in humans 
[40,41]. The results from the current study demonstrated 
co-ingestion of CHO + WPI elevated PGC-la mRNA ex- 
pression compared to CHO at the end of the 6 h recovery 
period. This result may have important implications for 
consuming CHO + WPI with an endurance training pro- 
gram and enhancing muscle adaptations to training load. 
Numerous studies have investigated the effects of co- 
ingestion of carbohydrate and proteins during and after 
endurance-type exercise on protein synthesis rates and 
whole body protein balance [42,43]. However, these stud- 
ies do not explore co-ingestion of CHO and proteins on 
signalling pathways involved in protein synthesis, in par- 
ticular mitochondrial biogenesis signalling. 

Breen et al. [44] investigated mitochondrial and myo- 
fibrillar muscle protein synthesis when carbohydrate or 
carbohydrate plus protein beverages were ingested 
following prolonged endurance cycling. This study 
found ingestion of carbohydrate plus protein increased 
myofibrillar but not mitochondrial muscle protein syn- 
thesis. This is in contrast to the current study, in which 
PGC-la mRNA increased with CHO + WPI compared 
to CHO alone. Aerobic exercise, such as the prolonged 
cycling performed in the study by Breen et al. [44], 
represents a stimulus that would elicit adaptations 
such as mitochondrial biogenesis and mitochondrial 
protein synthesis, in which PGC-la is considered a 
master regulator. The current study investigated mRNA 
6 hours post exercise, whereas Breen et al. [44] measured 
protein synthesis 4 hours post exercise. The latter time 
point may be too soon after exercise and consumption 
of CHO plus protein beverage, to see an increase in 



mitochondrial proteins [36]. It is important to note, the 
current study included 2 weeks of dietary control and sup- 
plementation prior to the exercise trial and the Breen et al. 
[44] study only supplemented post exercise. The CHO in- 
take of the trained cyclist in the Breen et al. [44] study was 
5 g • kg' 1 body weight • d' 1 , this is below current recommen- 
dations for athletes [45], whereas the current study used 
8 g • kg' 1 body weight • d' 1 , which may have also resulted in 
the different observations in these studies. 

Conclusions 

Our study demonstrated a 2-week dietary intervention of 
co-ingestion CHO + WPI, had positive effects on aspects of 
endurance adaptations at the end of 6 h recovery, following 
an exercise bout. Muscle glycogen levels were not further 
increased pre exercise, however with WPI supplementation; 
there was enhanced recovery from 90% V0 2 max cycling to 
end 6 h recovery. Plasma insulin levels were increased with 
CHO + WPI during the recovery phase. PGC-la mRNA 
was increased at the end of 6 h recovery following ingestion 
of CHO + WPI. Co-ingestion of CHO + WPI therefore 
appears to play an important role in endurance training 
adaptations via increasing plasma insulin and PGC-la 
mRNA expression during recovery which may lead to 
enhanced recovery, mitochondrial biogenesis and thus ul- 
timately performance. 
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